The [RE(NTA)(H 2 O) 2 ]·(H 2 O) rare-earth complexes (RE 3+ : Eu, Gd, Tb and NTA: nitrilotriacetate) were synthesized and characterized by elemental analysis, thermogravimetry, X-ray diffraction, and infrared spectroscopy. The complexes show high crystallinity and thermostability. The photoluminescence behavior was studied based on the excitation and emission spectra, and luminescence decay curves. The compounds exhibit red (Eu 3+ ), green (Tb 3+ ) and UV (Gd 3+ ) monochromatic emissions under UV excitation. The NTA ligand acts as luminescence sensitizer in the ligand-to-RE 3+ intramolecular energy transfer process, owing to the fact that the first excited triplet state (T 1 : 29 000 cm −1 ) is located above of the 5 D 0 (Eu 3+ ) and 5 D 4 (Tb 3+ ) emitting levels. The experimental intensity parameters Ω λ (λ : 2 and 4) for the Eu 3+ NTA complex were calculated, and the results are discussed. The Gd 3+ -NTA complex exhibits a high-intensity emission band in the UV region (32 000 cm −1 ) assigned to the 6 P 7/2 → 8 S 7/2 intraconfigurational transition.
Introduction
Complexes containing carboxylate ligands have been studied in many research areas due to the variety of their molecular structures which enables different chemical applications such as gas storage systems [1] or nanostructured magnetic materials [2] . These properties allow the construction of a wide range of materials and their widespread use in many areas, such as the synthesis of precursor materials [3] , immunoassays [4] and optical markers [5] . The rare-earth complexes (RE) have been widely used as organic lightemitting devices (OLEDs) [6] , emergency signage [7] , luminescence markers [8] , display panels [9] , among others.
The spectroscopic properties of the RE elements are based on their peculiar electronic configuration of the filled 5s 2 and 5p 6 subshells which are beyond the 4 f subshell, shielding it efficiently from the chemical environment and providing monochromatic emission [10] . Therefore, the RE 3+ ions present narrow absorption and emission bands, maintaining their atomic character, which facilitates the interpretation of their energy level structures [11] .
The RE 3+ ions have low molar absorption coefficients because the 4 f intraconfigurational transitions are forbidden by the Laporte rule, so the probability of these transitions is very low. In order to overcome this shortcoming, coordinating ligands such as carboxylate and β -diketonate groups are widely used, mainly be- cause of their high absorptivity coefficient in the UV region and the luminescence-sensitizing abilities [12] . This phenomenon is often denoted as the antenna effect, largely used in the design of luminescent RE 3+ complexes [13] .
Nitrilotriacetic acid H 3 (NTA), depicted in Fig. 1 is applied mostly in aqueous solution since the NTA ligand can be used as a biodegradable and biologically compatible substitute for EDTA as carrier of a large variety of metal ions [14, 15] . There are studies about the optical behavior of the RE 3+ nitrilotriacetate complexes in solution [16, 17] .
In this article, we report the one-step synthesis of complexes of the type [RE(NTA)(H 2 O) 2 ]·(H 2 O) and the study of their luminescence properties in the solid state. Photoluminescence data were obtained from the excitation, emission spectra and luminescence decay curves. The energy transfer processes from NTA excited states to the intraconfigurational states of the RE 3+ ions were also investigated. The experimental intensity parameters (Ω 2 and Ω 4 ) were determined using the 5 D 0 → 7 F 2,4 transitions.
Experimental Section
Nitrilotriacetic acid (97 %, Sigma-Aldrich) was used without further purification. The NTA 3− ligand solution was prepared by adding NaOH (1.0 M) to the aqueous ligand suspension until pH ≈ 6. The rare-earth chlorides RECl 3 ·(H 2 O) 6 were obtained from their oxides (99.99 %) Eu 2 O 3 and Gd 2 O 3 by dissolution in concentrated HCl, Tb 4 O 7 was treated with addition of H 2 O 2 . The obtained crystalline solids were dried on a water bath and stored under reduced pressure.
Syntheses
The RE 3+ -NTA complexes were prepared by adding 50 mL of the RECl 3(aq) solution (0.050 M) dropwise to 200 mL of the NTA 3− ligand solution (0.0125 M) and heating the mixture at the boiling point for 4 h. The precipitates were filtered and washed three times with distilled water [18] . The rare-earth complexes are colorless crystalline powders, nonhygroscopic and insoluble in acetone, ethanol, DMSO, acetonitrile and chloroform.
[ Elemental analyses were performed with a Perkin-Elmer CHN 2400 analyzer. The complexometric titrations were performed using a microburette with the disodium ethylenediaminetetraacetic acid (EDTA) salt. The XRD patterns were recorded on a Miniflex Rigaku instrument ( CuK α 1 ) from 4 to 60 • (2θ ). The infrared absorption spectra (FTIR) were performed using KBr pellets with a Bomem MB100 FTIR instrument in the spectral region from 400 to 4000 cm −1 . Thermogravimetry curves were obtained with the TA Instruments HI-RES TGA 2850 equipment from 30 to 900 • C in a dynamic atmosphere of synthetic air with a constant heating ramp of 5 • C min −1 .
The luminescence study was based on the excitation and emission spectra recorded at room temperature (300 K) and in liquid nitrogen (77 K). The data were collected in front face mode (22.5 • ) with a 450 W xenon lamp as excitation source coupled to a SPEX-Fluorolog 2 instrument with double monochromators. Luminescence decay curves were recorded using a SPEX 1934D phosphorimeter accessory with a 150 W pulsed lamp.
Results and Discussion

Characterization
The elemental analyses and complexometric titrations confirmed the molar ratio of RE to NTA (1 : square antiprism. The coordination occurs by the carboxylate oxygen atoms (monodentate and bridging), the nitrogen atom of the NTA ligand and two water molecules [19] . The FTIR absorption spectra of the RE 3+ complexes show the characteristic symmetric (ν s ) and asymmetric (ν as ) stretching of the carboxylate group around 1690 and 1405 cm −1 , respectively. The difference between these values (∆ν) is similar for all the complexes (285 cm −1 ), and the ∆ν of the sodium salt (Na 3 NTA) is around 340 cm −1 (1730 and 1390 cm −1 ), indicating monodentate and bridging coordination through the oxygen atoms [20] . Moreover, the spectra exhibit a broad band in the spectral range from 3000 to 3600 cm −1 assigned to the O-H stretching vibration of water molecules. The spectra also show a sharp peak around 3560 cm −1 which is assigned to free O-H stretching vibration of H 2 O molecule coordinated to the RE 3+ ions, indicating that these water molecules do not take part in hydrogen bonding [21] .
The thermogravimetric analyses of the RE 3+ -NTA complexes (Fig. 3) show three events assigned to the loss of water molecule in the temperature interval from 30 to 250 • C. The first and the second events occur from 30 to 140 • C and from 140 to 175 • C and correspond to the loss of 1 and 1.5 water molecule, respectively. The last event corresponds to the loss of 
Photoluminescence study
The Gd 3+ -NTA complex Gadolinium complexes have been used to determine the first triplet state (T 1 ) of ligands [22] , since there is a large energy gap (∼ 32 000 cm −1 ) between the 8 S 7/2 ground state and the first 6 P 7/2 excited state of the Gd 3+ ion. Normally, this energy cannot be afforded from the lower-laying first excited T 1 state of the organic ligands via intramolecular energy transfer from ligand-to-Gd 3+ ion. The ligand T 1 state energy is taken from the highest emission energy in the triplet state in the gadolinium complexes, which corresponds to the zero phonon transition [22] .
The excitation spectrum at 77 K with emission monitored at 435 nm shows a broad band from 250 to 400 nm that is assigned to the S 0 → S n singlet states of the NTA ligand (Fig. 4a) .
The emission spectrum of the [Gd(NTA)(H 2 O) 2 ]· (H 2 O) complex recorded at 77 K, under excitation at 270 nm (inset Fig. 4b) , indicates that the T 1 state zero phonon transition of the ligand is around 29 000 cm −1 . The high energy of the triplet state in the NTA ligand can be explained by the absence of conjugation of π bonds [9, 23] . The T 1 state energy of the NTA ligand is higher than the 5 D 0 (∼ 17 290 cm −1 ) and 5 D 4 (∼ 20 400 cm −1 ) emitting levels of Eu 3+ and Tb 3+ ions, respectively. However, it is located below the 6 P 7/2 (∼ 32 000 cm −1 ) emitting level of the Gd 3+ ion. This spectroscopic behavior demonstrates that the NTA ligand can act as a luminescence sensitizer in the intramolecular energy transfer process for the Eu 3+ and Tb 3+ complexes.
It is noteworthy that the emission spectrum of the [Gd(NTA)(H 2 O) 2 ]·(H 2 O) complex shows an exceptional narrow emission band arising from the 6 P 7/2 → 8 S 7/2 transition of the gadolinium ion. This result suggests the impossibility of intramolecular energy transfer from the NTA ligand singlet states to the 6 P 7/2 excited state of Gd 3+ , located at lower energy than the S 1 excited state of the ligand. Therefore, this complex can be used as luminescence probe in the UV region due to the presence of a high-intensity monochromatic emission at 31 950 cm −1 (Fig. 4) .
The Tb 3+ -NTA complex
The green emission of Tb 3+ -containing compounds around 546 nm under UV excitation is due to the high emission intensity of the 5 D 4 → 7 F 5 transition [24] . Intramolecular energy transfer can be interpreted in terms of energy transfer from the lowest triplet state of the NTA ligand (T 1 ) to the 5 D 4 state or higher excited states composed mainly of the 5 L 8 , 5 G 3 , 5 G 4 , and 5 D 2 levels. The energy transfer occurs more efficiently when the energy gap is higher than 2000 cm −1 , avoiding the back energy transfer [25 -28] . The emission spectrum of the Tb 3+ complex (Fig. 5b) (Fig. 6a) . The 7 F 0 → 5 L 6 transition (25 379 cm −1 ) exhibits the highest absorption intensity among the 4 f 6 intraconfigurational transitions, indicating that this transition is more efficient for the direct excitation of the Eu 3+ ion. The absence of the NTA absorption bands in Fig. 6a is due to the large energy gap between the T 1 and 5 D 0 states, suggesting that the energy transfer ligand-Eu 3+ is not as efficient as in the Tb 3+ compound. Fig. 6b shows the narrow emission bands originating from the 5 (18 587 ) and 7 F 2 (17 953 cm −1 ). According to the (2J + 1)-manifold, the 5 D 0 → 7 F J splitting suggests that the Eu 3+ ion has a low-symmetry environment. It is worth to mention that the 5 D 0 → 7 F 0 shows only one peak which indicates that the metal ions have only one symmetry site.
The radiative rates (A 0→J ) for 5 D 0 → 7 F 2 were calculated using Eq. 1 [29, 30] ,
where σ 0→1 and σ 0→J correspond to the energy barycenters of the 5 D 0 → 7 F 1 and 5 D 0 → 7 F J transitions, respectively. S 0→1 and S 0→J are the areas of the emission curve corresponding to the 5 D 0 → 7 F 1 and 5 D 0 → 7 F J transitions, respectively [31] . Since the magnetic dipole transition 5 D 0 → 7 F 1 is almost insensitive to changes in the chemical environment around the Eu 3+ ion, the A 0→1 rate can be used as an internal standard to determine the A 0→J coefficients for Eu 3+ complexes [30] . The lifetime (τ) of the Eu 3+ -NTA complex was obtained from the luminescence decay curve using first order exponential decay (0.405 ms). The emission quantum efficiency (η) of the 5 D 0 emitting level is determined according to Eq. 2,
where the total decay rate, A tot = The experimental intensity parameters (Ω λ , λ : 2 and 4) are estimated from the 5 D 0 → 7 F 2,4 transitions in the emission spectrum of the Eu 3+ complex. The Ω 6 intensity parameter is not included in this study since the 5 D 0 → 7 F 6 transition is not observed for this complex. The coefficient of spontaneous emission, A, is given by Eq. 3, 
where χ = n(n+2) 2 9 is the Lorentz local field correction and n (1.5 for this complex) is the refraction index of the medium. The square reduced matrix elements 7 F J ||U (λ ) || 5 D J 2 are 0.0032 and 0.0023 calculated for J = 2 and 4, respectively [32, 33] .
The values of the intensity parameters (Ω λ ) depend on the local geometry and the ligating atom polarizabilities in the first coordination sphere. between Ω 4 and Ω 2 is much higher in the present compound. This spectroscopic result suggests that the coordination polyhedron has a high point symmetry like the model described in reference [34] . Table 1 presents a small emission quantum efficiency value (η ∼ 12 %) for [Eu(NTA)(H 2 O) 2 ]·(H 2 O) which can be explained owing to the presence of three water molecules in the complex.
The RE 3+ -NTA complexes show (x, y) color coordinates in the red and green regions of the CIE chromaticity diagram (Commission Internationale de l'Eclairage) for Eu 3+ (0.686, 0.309) and Tb 3+ (0.338, 0.552) (Fig. 7) . Therefore, these complexes act as light-conversion molecular devices (LCMDs) and can be applied in bicolor devices.
Conclusion
The emitting complexes [RE(NTA)(H 2 O) 2 ]·(H 2 O) were prepared in a one-step synthesis. The TG analyses show three water molecules in the structure and thermostability up to 300 • C. The XRD data indicate an isostructural series containing two coordinated and one crystal water molecules. The T 1 state of the NTA ligand has higher energy than the main 5 D 0 (Eu 3+ ) and 5 D 4 (Tb 3+ ) emitting levels and thus can act as intramolecular energy transfer donor to the metal ions, resulting in a red and green emission. The Tb 3+ -NTA complex shows a more intense emission than the Eu 3+ complex. Through excitation to higher energy states of the ligand, a monochromatic Gd 3+ luminescence in the UV region can be obtained. The relative value of the experimental Ω 2 intensity parameter, in comparison with Ω 4 , for the Eu 3+ -NTA complex suggests a high local symmetry. Photoluminescence data show that these complexes can act as light-conversion molecular devices (LCMDs) and can be used as red, green and UV emitting luminescent materials.
